Investigation and Application of the Ray Tracing Algorithm for Depth Measurements in Shallow Water by Reimers, Marco
Article, Published Version
Reimers, Marco
Investigation and Application of the Ray Tracing Algorithm
for Depth Measurements in Shallow Water
Hydrographische Nachrichten
Verfügbar unter/Available at: https://hdl.handle.net/20.500.11970/108141
Vorgeschlagene Zitierweise/Suggested citation:
Reimers, Marco (2010): Investigation and Application of the Ray Tracing Algorithm for Depth
Measurements in Shallow Water. In: Hydrographische Nachrichten 86. Rostock: Deutsche
Hydrographische Gesellschaft e.V.. S. 16-17.
https://www.dhyg.de/images/hn_ausgaben/HN086.pdf.
Standardnutzungsbedingungen/Terms of Use:
Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.
16
HN 86 — 0-010 — Lehre und Forschung
The installed transducer of the multibeam echo-
sounder system (Reson SeaBat 8101) and the inertial 
measurement unit (CodaOctopus F180) cannot be 
accurately oriented in the same direction. There will 
be a small angular misalignment in all three degrees 
of freedom, i. e. yaw, roll, and pitch. These misalign-
ment offsets, determined by the calibration, are 
applied to the thesis’ ray tracing algorithm. Fur-
thermore, the lever arms of all involved sensors are 
known with reference to the vessel’s mass centre 
of gravity. SVP data are available from a CTD probe. 
Most sensor data are provided in XTF format.
To analyse the quality of the ray tracing algorithm 
applied in this thesis, a comparison against a CARIS 
HIPS reference solution – based on the same data 
set – is carried out. Considering the CARIS HIPS 
solution as quasi-true, the accuracy of the thesis’ 
ray tracing implementation results in standard de-
viations of ± 0.04 meters for the along track offset, 
of ± 0.12 meters for the cross track offset, and of 
± 0.09 meters for the depth, respectively.
The usage of multi-beam echo-sounder systems 
changed the way of data processing consider-
ably. As non-vertical beams pass through the wa-
ter column in an inclined way, their ray paths are 
refracted due to differences in speed of sound 
between adjacent water layers. In this thesis, the 
mathematical solution of the ray tracing prob-
lem is applied to multi-beam data by means of 
post-processing programmes. The programmes 
cover the entire processing from raw input values 
to the final results in terms of along track offset, 
cross track offset, and depth. In total, there are 
five autonomous programmes, each one fulfilling 
a certain task:
• XTF converter;
• calculation of sound velocity from CTD data;
• ray tracing procedure (i. e. calculation of along 
track offset, cross track offset, and depth);
• conversion of CARIS HIPS data;
• comparison between this thesis’s ray tracing 
data and CARIS HIPS data.
The implementation of the ray tracing algorithm 
also takes into account the effect of motion of the 
survey vessel. This includes three rotations roll, 
pitch, and yaw as well as the vertical translation in 
terms of the measured and the induced heave.
The set of test data used in this thesis is taken 
from a calibration survey. The operating area was 
in the Gulf of Finland (Baltic Sea). The quality of the 
test data can be judged as good. The profile inves-
tigated is a subset of one calibration profile with 
a length of 92 meters containing 205 swaths. The 
average depth is about 55 meters.
Investigation and Application of the 
Ray Tracing Algorithm for Depth Measurements 
in Shallow Water
In the past decades, depth measurements were predominantly carried out by single-beam 
echo-sounder systems. These systems use only a single beam with a wide, frequency de-
pendent opening angle. The survey area was scanned along equidistant profile tracks, 
resulting in considerably big gaps of undetected seafloor. Today, depth measurements in 
seawater are mostly car-
ried out by multi-beam 
echo-sounder systems, 
equipped with a multi-
tude of beams with a nar-
row beam width. These 
systems replace single-
beam echo-sounder sys-
tems, particularly where 
a complete scan of the 
seafloor together with 
a high resolution is re-
quired. This is as well ap-
plicable for the mapping 
of shallow water regions.
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Fig. 1: Mean error variance
Fig. 2: 3D surface depth error model
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The error of the ray tracing algorithm is different 
for the three axes. In along direction the differences 
are negligibly small. In cross direction as well as for 
the depth, the standard deviations are still accept-
able. But both directions show a large mean error 
variance up to 0.6 meter (Fig. 1). Of special interest 
is the interval between swaths 80 and 140 since the 
major oscillations can be found here.
A generated 3D surface model reveals systematic 
longitudinal waves on the sea floor perpendicular 
to the vessel’s direction of motion (Fig. 2). Further-
more, the wave’s top line inclines alternately from 
port to starboard. These waves reach a maximum 
amplitude up to 0.7 meters. The maximal depth er-
rors, due to this waved inclination, appear at the 
outer beams between swaths 80 and 140 where 
roll has its highest dynamics and amplitudes. At the 
same swaths, the pitch is subject to high variation 
causing the greatest seafloor waves. This might be 
an indicator that an overlapping inadequate com-
pensation of pitch or heave and roll deteriorates 
the result of the thesis’ ray tracing algorithm.
An analysis of the relation between the vessel’s 
motion and the depth error shows that the pitch 
and the induced heave correlate with the depth 
error at the centre beam (Fig. 3) – any uncorrected 
roll has less impact here. Due to its calculation al-
gorithm and the great lever arms in the ship’s lon-
gitudinal axis, the induced heave is dominated by 
the pitch. As a result, the longitudinal waves are 
only based on the pitch and its correction qual-
ity.
The inclination of the wave’s top line is caused by 
the vessel’s roll and its correction. An analysis of the 
depth error at the outer beams, where any uncor-
rected roll produces the largest impact, shows a 
clear system (Fig. 4). The wave’s inclination is at its 
maximum at every roll’s root. In contrast, the inclina-
tion becomes zero (both depth error curves inter-
sect) while the vessel maximal inclined to its sides.
The cross error at the centre beam is not influ-
enced by the pitch or the heave at all. The error is 
likely to be triggered by the roll correction result-
ing in a maximum cross error while the vessel is in 
an upright position.
In summary, the differences in depth and cross 
track offset between the thesis’ ray tracing algo-
rithm and the CARIS HIPS solution are exclusively 
caused by a different correction of the vessel’s mo-
tion, particularly for roll and pitch. This correction is 
the most challenging part in implementing the ray 
tracing algorithm. Even if the theoretical method 
for the motion correction is clear and precise, the 
practical procedure in terms of correction order 
and data pre-processing is key to a correct result. 
Yaw has neither an influence on the depth error 
nor on the cross track error at all. The difference of 
the along track offset is small and therefore negli-
gible. Overall, the algorithm developed in this the-
sis can be considered as to have been verified.
Fig. 4: Roll versus depth error 
at the outer beams
Fig. 3: Pitch and heave versus 
depth error at the centre beam
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